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Highly correlated ab initio molecular orbital calculations have been used to map out the potential energy
surface corresponding to the reaction of-Elpropargyl chloride (gHsCl) in the gas phase. Ten transition

state structures governing the mechanism of the title reaction were computed at seven different levels of
theory up to QCISD(T)/6-31£G(d,p)//QCISD(T)/6-31+G(d,p). Chlorine atom additions at the center and

end unsaturated carbons are barrierless processes forming incipient, chemically activated 2,3-dichloro-1-
propen-1-yl and 1,3-dichloro-1-propen-2-yl radicals, respectively. The incipient radicals cannot isomerize by
transferring a hydrogen atom because the governing transition state structures res@felatmol~* above

the initial reactants. The presence of a transition state for chlorine atom transfer below the energy of the
initial reactants enables isomerization between the incipient radicals. A second accessible chlorine transfer
transition state enables the 1,3-dichloro-1-propen-2-yl radical to isomerize into the more stable 1,2-dichloroallyl
radical. The chemically activated 1,3-dichloro-1-propen-2-yl radical also undergoes bond scission of the chlorine
atom in the chloromethyl group forming chloroallene and Cl atom. Chlorine atom attack on the chloromethyl
group encounters metathesis transition states for HCl apdo@hation at 5 kdmol* and 124 kdmol™*

above the initial reactants, respectively. The accord demonstrated between master equation calculations, based
on the ab initio results, and experimental data validate the proposed reaction mechanism and predict that the
dominant products of chlorine atom addition to propagryl chloride are chloroallene and the 1,2-dichloroallyl
radical at 298 K and HCI, chloropropargyl radical, and chloroallene at 1000 K.

Introduction ab initio results, are shown to be in accord with the available
] ) i experimental data.

Although the reactions of chlorine atoms with unsaturated e c|+ propargyl chloride (3-chloropropyne, GEIC=CH)
hydrocarbons have roles during commercial syntheses andreaction exhibits the problems typical of reactions with unsatur-
industrial waste incineratiohfew rate coefficients are available  gted molecules containing three or more carbons. The thermo-
for use in the computational modeling of these proce3ges.  chemistry of CH- propargy! chloride allows for six exothermic
contributing factor to this dearth of kinetic data may be the product channels forming up to eleven distinct C3 isomers.
general apprehension that rate coefficient measurements for thexithough gas-chromatographic analysis of the end products of
larger alkynes and allenes are intractable due to the potentialc| + propargy! chloride found only three chlorinated species,
for many isomer products. Because isomers usually exhibit evidencing inactivity along some product channels, the end-
similar optical and mass spectra, temporally resolved species-product data is insufficient for ascertaining the reaction mech-
specific measurements needed for accurate kinetic determinaganism#5 The uncertainty persists because two (or more) distinct
tions become unfeasible. The design and interpretation of radical products can undergo secondary reactions to produce
experimental kinetics studies of the larger unsaturated hydro-the same species. For example, the 2,3-dichloro-1-propene end-
carbons are facilitated by knowledge of the governing elemen- product from the CH- propargy! chloride reaction was easily
tary reaction mechanism. In recent years, ab initio calculations jgentified by gas chromatography; however, this product may
have become an efficient way for determining the most likely evidence production of either 1,2-dichloroallyl radical or 2,3-
elementary reaction steps. In a preceding paper, we comparediichloro-1-propen-1-yl radical, or both specfes.
the transition state relative energies obtained at seven levels of An assignment of the CH propargyl chloride reaction
ab initio theory for the CH- allene reaction mechanisme mechanism is required for accurate rate determinations of the
found evidence that reliable energetics are obtained by usingpropargyl radical {CH,C=CH) recombination reaction rate
structure calculations at the QCISD, B3LYP, and MP2 levels coefficient,k(CsHs + CzHz). The ambient temperature experi-
followed by single point QCISD(T)/6-31G(d,p) energy ments used to determingCsHs + C3Hs) have initiated the
calculations that better captured the correlation energy. In this reaction by photolyzing propargy! chloride with 193 nm li§ht.
study, we report a similar ab initio study of the governing This method produces propargyl radicals in 93% yield
transition state structures for the very complex reaction}-Cl

propargyl chloride. Master equation calculations, based on the C5H5Cl + 193 nm— -C4H; + -Cl (1a)
— C;H, + HCI (1b)
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TABLE 1: Ab Initio Results and Thermochemical Data Used to Estimate Relative Energies of the Persistent Species Involved
in the Cl + Propargyl Chloride System

At Hga Ay Hggs‘lsa

species kJmol™* kJmol™t ref
Cl 119.62+ 0.01 121.30+ 0.01 45
Cl, 0.0 0.0 45
Chloroallene 179t 6 173+ 6 4
Chloropropargyl radical 3168 315+ 8 4
3-chloro-propynyl radical (CKCIC=C-) 498+ 7 495+ 7 4
(E)—1,2-dichloroallyl radical 11%6 110+ 6 4
(2)—1,2-dichloroallyl radical 1216 114+ 6 4
(E,2)—1,3-dichloroallyl radical 1126 105+ 6 4
(E)—1,3-dichloro-1-propen-2-yl radical 2284 221+ 4 4
(2)—1,3-dichloro-1-propen-2-yl radical 2284 221+ 4 4
2,3-dichloro-1-propen-1-yl radical 2304 223+ 4 4
HCI —-92.1+04 —92.3+04 45
Propargyl chloride 1854 180+ 4 4
Propargyl radical 34% 8 339+ 8 46

a|ndicated error is two standard deviationgrdropagated from the underlying measurements and does not include systematic error of the
calculations.

which is equal to the gHs population, mainly adds to propargyl thermochemical data listed in Table 1 and the indicated
chloride forming a substantial chlorinated C3 radical ensemble. uncertainty is two standard deviationss{2Chlorine addition
As observed in previous kinetic and spectroscopic stlfies, may produce an incipient, chemically activategHgCl, radical
cross-reactions between theHg radical and chlorinated radical  ensemble comprised of two, distinct vinylic isomers
ensembles accelerate the depletion of thEl{G&oncentration.
Extraction ofk(CsHsz + CgH3) from such experiments must use CH,CI"—C=CH + - clf= CH,CI"— ccl =CH
a computational kinetic model that accounts for the recombina- o 1

A H2gg15= —(78 £ 6) kIkmol = (5)

tion and cross-rate reactions among the isomers ahid. The ~n

most important feature of the adopted kinetic model is the )

number of different, highly reactive products predicted for the =CHCI'-C =CHcF

Cl + propargy! chloride reaction at 298 K; that is, does the A, HSs 15= —(79+ 6) kJFmol ™! (6)

reaction of CH- propargy! chloride give one, or more than one,
free radical species? In our previous experimental study, we

adopted a kinetic model that presumed thaHCpropargyI The Greek letter annotations distinguish between the incumbent

and reacting chlorine atoms. Chlorine addition to the center

this model and knowledge &{CsHaCl + CaHaCl), we showed gt:arbon forms the chemically activated 2,3-dichloro-1-propen-

that the transient absorption kinetic data observed, Whereasl yl radical (reactiorb). Chlorine addition fo the unsaturated
o P . . end carbon forms chemically activated 1,3-dichloro-1-propen-
monitoring GH3 and GH3Cl concentrations gave consistent

LS 2-yl radical (reactiorf). At 298 K and 625 Pa~{4.7 Torr) the
C C C CaH-C .58
determmano_ns OK(CaHs + ; sH;) and k( sH3 + CaHsCl). . combined rate of reactions 5 and 6ki€l + C3H3Cl) = ks +
The kinetic model used in our previously reported experi-

mental determinations was based upon a preliminary set of abk6 = (1.2 4 0.2) x 107 cni-molecule™s %, which is
o . . P P nary approaching the gas-kinetic linfiBecause both incipientslz-
initio molecular orbital calculations of the mechanisms govern-

ing the Cl+ propargyl chloride reaction. This report describes Cl, adducts contain-—(79 & 6) kkmol* of chemical activa-

thgese ab initFi)o r[r)wolg)éular orbital calculétions fuﬁ We derive tion, these chemically activated species may also undergo further
. . Y- unimolecular reactions, including reverse reactio®sand—6,

the governing mechanism of Gt propargy! chloride and we

show that this mechanism is consistent with the experimental until collisionally stabilized. By transferring a chlorine atom,
kinetic rate data and end-product data reported previdusly. the chemically activated 2,3-dichloro-1-propen-1-yl radical may

The present ab initio results enable estimates of the high pressureIsomelrlze forming 1,3-dichloro-1-propen-2-yl radical

and temperature rate coefficients of €l propargyl chloride

by use of master rate equation meth&d<. CH,CI'—CCf= CH== 2.0l <22 CH,ClI'~C =CHCY
Elementary Reaction Channels of CH Propargyl Chlo- o 1

ride. The reaction of Cl with propargyl! chloride may proceed AnnHaeg15= (1 & 4) k¥mol = (7)

through metathesis or through chlorine addition channels. The

metathesis reactions are The incipient, chemically activated 2,3-dichloro-1-propen-1-yl

radical may isomerize forming 1,2-dichloroallyl radical by
CH,CI-C=CH + -Cl — CH,CI-C=C- + HCI transferring a chlorine atom

AyoH3os15= T(102+ 8) k¥mol ™ (2) 3,1-Cl

CH,ClI'—CCF = C H = +[CH,~~CCF-~CHCI]

— CI;iCICECH + HCl | A, Hos 1= —(78+ 6) kImol ™ (8)
AyaHSes15= —(78 % 8) k¥mol ™ (3)

rxn

or by transferring a hydrogen atom
— CH,C=CH + Cl, Y g ahydrog

AyHagg15= (39 8) kImol ™ (4)  CH,CI'—CCF = € H - . [CHCI'-~CCF<CH,]

where the enthalpies of reaction are calculated using the ArH20g15= —(78 £ 6) k¥mol )
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Besides reverse reaction?, three other channels may deplete
the 1,3-dichloro-1-propen-2-yl radical population. The 1,3- @
dichloro-1-propen-2-yl radical may isomerize to 1,2-dichloro-

allyl radical through chlorine transfer
GG D C2)mm(C3)

CH,CI'—C =CHCF 2£% .[CH~CCP-~CHCF] @)

A, HCos 167 —(109+ 6) k¥mol™* (10)

The 1,3-dichloro-1-propen-2-yl radical may isomerize to 1,3- Figure 1. Schematic of the CH- propargyl system showing the

dichloroallyl radical through hydrogen transfer numbering system for the atoms referenced in Supplementary Table
2S and in thex-axis of the figures.

- 3.2-H
CHCI—C =CHCY == .[CHCW_CH_CHCIB] SchlegeP8-30 as implemented in the G94 and G98 program
A H05.15= —(116+ 6) k¥mol™* (11) suitest#1® Harmonic vibrational frequencies and zero point
energy correctionsH;' H)-eve, were computed at the MP2/6-
Gas chromatography has detected chloroallene among the eng1+G(d,p), B3LYP/6-31(d,p), and QCISD/6-31(d,p) levels.
products of CH- propargyl chloride. This observation establishes - All computational results, presented herein, contain no empirical
the activity of the Cl atom elimination channel from the 1,3- scaling of vibrational frequencies and zero point energies.

dichloro-1-propen-2-yl radical In some figures we plofpaHe"e, the electronic energy of
v , the IRC reaction path relative to the electronic energies of
CH,CI"-C :CHCV}_’CH2:CZCHC|E+'C| propargyl chloride and the chlorine atom. We note that
A Hog 15= +(73 £ 6) kFmol™* (12) AparHe¥®' does not include zero point energy contributions.

When zero point energy is accounted, we quisigHs®"®, the
Although endothermic, reaction2 may occur because the energy &0 K of astationary point relative to the initial reactants,
activated 1,3-dichloro-1-propen-2-yl radical contains energy Cl + propargyl chloride. For example where

sufficient to proceed through the net reaction

Are|Hg(T)”MP2(TS) — HOQ(T)//MPZ(TS) _ Hg(T)//MPZ (C3H3C|) _

= .CP — CH.—=C— .
CH,CI’—C=CH + -CI* — CH,=C=CHCF + -CI HommP2 )

AranSQS.lsz _(7 + 6) k‘}morl (13)
Q(TY/IMP2 _ Q(T)/IMP2 ZPE,MP2
Computational Methods and Terminology. All calcula- Hg =H +(Ho E)
tions!3 described herein were carried out with the Gaussian 94

and Gaussian 98 program suie¥on a Cray C90/6256 super-  Results
computer and a 32-process_or_SiIicon Graphics Origin 2000 Thermochemical Properties and Geometry Parameters.
parallel computer. Fully optimized geometries of reactants, For each stable molecule and persistent radical found in reactions

:‘ir;:g;;nﬁgﬁ;ﬁiosrtlast;g'?eagruséﬁggr(fjses(idizltger(]ja\f\ﬁﬁ Vfll_'tsh Irifix%rse)- 2 through 13 Table 1 lists th&H7 used to derive the reaction
' 9 P ' enthalpies of reaction@—13. Supplementary Table 1S lists

and products were calculated with the unrestricted second-order . P
Mgller—Plesset perturbation theory (UMP2)the hybrid three HQ.(T)”QCISD’ the ele_ctromc energy, and—|§ 97 the zero
parameter B3LYP density functional thedyand the quadratic point energy correction computed at thg MP2/6-&i(d,p) level.
configuration interaction (QCISD) methd#ncluding single The energy diagrams presented in th|§ paper are based.solely
and double electronic excitations. All calculations were carried ©" ab initio results.P L(;Z ;ave gon_S|derabIe cgmputatlonal
out using the 6-3%(d,p) basis set?23In this work, we follow resources, we 95946 9MP2 in derlvathns_ofAred;O for the
the standard notation “Theory/basis” to indicate that a full Persistent species (Table 1S). Substitution gf0)M"2 for
geometry optimization has been carried out at the “Theory” level (Hg' )C'SP (or (HgFHB3LYP for (HG"5)QC!SD) is expected to
using the “basis” basis set. In addition, the terms “Theory2/ introduce negligible relative error. The NIST Computational
basis2//Theoryl/basis1” are used to indicate a single point Chemistry Comparison and Benchmark DataBélgts QCISD/
energy calculation at the “Theory2/basis2” level of theory using 6-31G(d), MP2/6-31G(d), and B3LYP/6-31G(d) vibrational
the geometry previously optimized at the “Theoryl/basis1” level. frequency data sets for nine chlorinated molecéteghe zero

We useHMP2 HB3LYP and HQCISD to denote the electronic  Point energies computed for these data sets differ-tigo.
energies of the fully optimized structures obtained at the MP2/  During this study, we found nine transition states and four
6-31+G(d,p) and B3LYP/6-3%(d,p), QCISD/6-31+G(d,p) intermediate structures associated with reactn$2. Figure
levels, respectively. We ug¢”VP2to denote the spin-projected 1 displays the atom numbering system used in this report for
electronic energy at the fully optimized MP2/6-8G(d,p) geometry descriptions of the transition states and intermediate
geometry after the spin-contamination is reduced to a minimum structures. Supplementary Table 2S lists the fully optimized
using the method of Schleg#27 In addition, single point geometries obtained at the highest level of theory used in this
calculations with the 6-3+G(d,p) basis were carried out at Work, the QCISD/6-3+G(d,p) geometry. Fully optimized
the quadratic configuration interaction level including double geometries obtained at other levels differ only slightly from
electron excitations and a perturbative correction for triple those listed in Supplementary Table 2S and are not reported.
excitations, (QCISD(T)/6-3HG(d,p)), using the fully opti- Supplementary Table 2S also lists the electronic energy at the
mized MP2, B3LYP, and QCISD geometries. The electronic highest level of calculation (usuallyR(M/RCIsD) HZPE and the
energies obtained from these calculations are dend?€d/MP2 vi¥, the imaginary frequency corresponding to the transition state.
HQ(MIBSLYP  and HA(MIQCISD, respectively. Reaction pathways —Table 2 listsAHg?"®(TS), the energyted K of the transition
were computed by the IRC algorithm of Gonzalez and state relative to the initial reactants, €lpropargyl chloride.
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TABLE 2:h Energy of Transition States Relative to the Initial Reactants, Cl+ Propargyl Chloride, Determined at Seven Levels
of Theory

calculation

level TS3 TS4 TS7c IS7p IS7n TS7e TS8 TS9 TS10r TS10a 1IS10b TS10v TS11

ArHYM/RCIS 5 124 -6 -11 -10 -6 ¢ 95 -9 =7 —-10 -14 119

kJmol~t

AreHQM/MP2 16 132 2 -8 -8 2 e 102 -89 8 1 f

kJmol-1

A,e|H8(T)”B3"YP 8 113 -9 f f f 113 86 —109 —11 f 119

kJmol~t

ArgHGC!SP 24 130 2 -3 -2 1 c 119 —91b -3 -9 -7 136

kJmol~t

A,eng’MP?g 19 125 5 -8 —6 4 e 103 —88 9 —4 1 e

kJ-mol? = By= (= = 4= = F= = F= F= =
0.76 0.81 0.77 0.75 0.75 0.77 0.77 0.75 0.77 0.75 0.79

Areng‘F’Z 45 176 37 -7 —6 36 e 138 —-81 40 -1 39 e

kdmol-1 B= F= = = 2= U= = F= = = =
0.88 1.0 0.93 0.76 0.76 0.93 0.95 0.80 0.94 0.76 0.99

Areng3LVP —22 48 —-31 f f f 84 75 —119 —54 f f 94

kJmol-1

aExcept as noted, the relative energy contaii§ HRC'S0. See text® Computed usingH3" )™P2. ¢ QCISD/6-3H-G(d,p) structure calculation
did not converge to a unique geometry. See téKomputed usingHg" H)B3-YP. e MP2/6-3H-G(d,p) structure calculation did not converge to a
unique geometry. See texB3LYP/6-31H-G(d,p) calculation found no evidence of a stationary structure. See%@rmputed WithH(F,"\’IF>2 =
HPMP2 (HgF’E)""P2 evaluated at the fully optimized MP2/6-3G(d,p) geometry” The total spin expectation valugs?[]is listed for the PMP2 and

MP?2 relative energies of each stationary structure.

TABLE 3: Arrhenius and Activation Coefficients of the Cl
High Pressure Rate Equation.k, = A-e E4RT for Each c{
Elementary Reaction of the Cl+ Propargyl Chloride .

System, Computed with Cannonical Transition State Theory 2000 H cl
from the ab Initio Results - 154 H g
- (+124) ;
Aforward, (Ea)forward, Areverse (Ea)reverse e | /_-\ H ® *H
rxn cmest kJmolt cmist kJmolt E 100 /o [Imital 153 Cl
- Rxn 4 / \ Reactants 5
3 (12x 101 7 (3.8x 1013 86 o o
4 (3.0x 1071 127 (9.9x 107142 90 °L H N
5 (L7x 107193 0 3.4x 10 75 ] n-o-o-a Ch.oLC=CH N Ren3
6 (1.8x 107192 0 1.5x 10° 77 <1 100} + Cl, "
7 4.6x 10 71 1.9x 101 73 ] H
8  11x108 194 1.1x 10 303 propargyl radical + HCl ¢l
9  15x102 171 1.5x 1012 280 + chloring hior "
10 5.1x 102 62 1.2x 109 169 e R
11 3.3x 10 196 3.3x 101 314 . . . . .
12 1.7x 101 75 (5.1x 10192 0 Figure 2. Reaction energy diagranmt & K of metathesis reaction
) o ) channels accessible as a chlorine atom approaches propargyl chloride.
2 Bimolecular coefficient in units of chs ™. Reaction enthalpies are referenced to the reactants {H,CIC=CH)

) ) ) _ at 0 K. The values listed in parentheses are the ab inlig
Table 2 lists these predicted relative energies at the sevenyQMIQCISD (jn |mol-1) of the transition state structures, which

computational levels used in this study. include unscaled zero point energy contributions.

Using cannonical transition state the®ry® as implimented
in the CHEMRATE progrand,the ab initio results were used ~@as observed fok(Cl + allene) near the high-pressure lirit.
to derive high-pressure rate expressions at 298 K. Table 3 lists Theke's provide a map of the intrinic barriers and give a sense
the Arrhenius and activation coefficients for the high-pressure Of the relative tightness of the transition states. However,
rate equation of the fornk,, = A-e EaRT, To derive coefficients, because the CH- propargyl chloride addition reaction is
we adopted the approximatiofs ~ Are|H(?(T)”QC'SD at 0 K. gove_rned by chemically aCtI.VaI.Ed3.H:3C|2 ensembles that
Arrhenius coefficients are estimated using the geometries andManifest nonthermal energy distributions, elemenkargio not

vibrational frequencies of persistent species and transition statesPredict the overall reaction in the pressure falloff region. The
computed at the MP2/6-31G(d,p) level and reduced by a predicted product distributions from chemically activatetié

scaling factor of 0.937 (Table 3S). Hindered internal rotors and Cl2 complexes are presented in the Discussion. ,
tunneling are not considered. For reacti@s, and—12, the Met.athe5|s and Addition Channels:MetatheS|s reactior3
present ab initio calculations found no transition structures. To @nd4 involve direct attack by a chlorine atom followed by an
estimate the high-pressure rate equations for these barrierles@Pstraction of a hydrogen atom (going through TS3) or a
reactions, we obtained program input by devising an ap- F:hlorme atom (gomg thrqugh TS4) from the chloromthyI group
proximate transition state structure and spectrum, and by N Propargyl chloride. Figure 2 diagrams the potential energy
defining the corresponding enthalpy of formation to obtain the Profiles for these reactions. The results n Figure 2 show that
zero activation energy. This procedure appears to give reasonihe barrier to hydrogen abstractioheHg ™" °“*YTS3), lies 5
able high-pressure rate constants at 298 K because the Arrheniu§J'mol~* above reactants. Similar QCISD(T)/6-3t®(d,p)//
coefficient of metathesis reacti@is similar to the correspond- ~ QCISD/6-31-G(d,p) calculations predict a relatively large
ing coefficient reported for Ci propyne metathesi§ ks and barrier for the chlorine abstraction channe,HY™M"?¢'SP

ks are within an order of magnitude &fCl + C3H3Cl) at 625 (TS4)= 124 k3mol~1). This study does not consider reaction
Pa8 which is in the pressure falloff region, atgh is the same 2 because its reaction 'm,ang ~ 100 kImol~! endothermic,
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Figure 3. Energy profile governing chlorine atom transfer between
1,3-dichloro-1-propen-2-yl radical and 2,3-dichloro-1-propen-1-yl radi-
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electronic energy (containing no ZPE contributions) relative to
Cl + propargyl chloride, as a function 6fCI8—C?—C? angle.

In Figure 3a, we constructed the profile labeled MP2 using
internal reaction coordinate (IRC) calculation ¢&t& at the
MP2/6-3HG(d,p) level. The trace labeled PMP2 shows the
electronic energy of each MP2/6-85G(d,p) structure after full
annihilation of spin-contaminants. The isomerization path passes
through two distinct transition state structures, labeled TS7c and
TS7e (Table 2S). TS7¢ICIB—C?>—C! = 100.9) resembles the
2,3-dichloro-1-propen-1-yl radical JCIB—C2—C! ~ 120)
except that all non-hydrogen atoms lie in the same plane and
the C—Cl bond is lengthened to{C?—CI8) = 2.354 A. TS7e
(OCIB—C?—C! = 52.9) is similar to the 1,3-dichloro-1-propen-
2-yl radical (JCIB—C?—C! ~ 33°) except that the ECI bond

is lengthened ta@(C3—CI8) = 2.385 A.

Midway between TS7c and TS7&ICIB—C>—C! ~ 79°),
ApatH™®®' decreases as the reaction path passes through
minimum energy structures, IS7p and 1S7n (Table 2S). IS7p
and IS7n are stationary intermediate structures exhibiting only
real vibrational frequencies. Both IS7p and IS7n have a chlorine
atom bridging between €and C with nearly equal bond
lengths r(C!—CI8) ~ 3 A (Figure 2a). However, IS7p and IS7n
differ with respect to the placement of the chlorine atom relative
to the plane containing the other non-hydrogen atoms. In IS7p

cal (reaction?) predicted by ab initio calculations. Energies are g|| heavy atoms lie in the same plar@g,(= 180°, wheref;n,

referenced to the separated Cl atom and propargy! chloride energies at_ 0cB—-c2—Cc3—
the corresponding computational theory level and do not include zero _,

point energy contributions. aparH¢"®' as a function of1(CI8—-C?—

CY). The trace labeled QCISD(T) is an estimate derived by interpolating
the MP2 trace so that it intersects thgaH/C'SP computed for
each diagrammed (stationary) structure. b) Energy profile of
AparHRMRCISD a5 g function of the internal rotation coordinaiy,
wherefi, = O(CIE—C?—C3-CI4). This internal rotation, involving the

Cl atom, links 1IS7p and 1S7n nearn(CI.—C?>—C%) = 79°, as indicated

in panel a).

making it unimportant to the reaction mechanism at 298 K. To
examine chlorine addition reactio®sand 6, we conducted a

CI4). In 1S7n the bridging chlorine is rotated
above the heavy-atom plane &: = 94.3. Figure 3b plots
ApaHRM/QCISD a5 & function 0By, (Wherefin = OCIB-C?—
CB8—Cl%), showing that the path between IS7p and IS7n contains
no energy barrier. The QCISD(T)/6-3t1d,p)//QCISD/6-3%-
(d,p) calculations find that IS7n is about 1-kbl~! less stable
than IS7p. IRC calculations confirmed that the 2,3-dichloro-1-
propen-1-yl and 1,3-dichloro-1-propen-2-yl radicals also lie on
the same reaction path as TS7c, IS7p, IS7n, and TS7e.

The energy barriers predicted for reactibwary as a function
of the level of theory. The MP2/6-31G(d,p) calculations

series of relaxed potential energy scans at the B3LYP and MP2predict that TS7¢ and TS7e lie abautHy' - ~ +36 k3mol

levels of theory as a function of carbenhlorine distance. These

above reactants (Table 2); however, the MP2 wave functions

scans demonstrated that the relative energy diminishes continuontain large amounts of spin contaminatidB?{d = 0.93),

ously as the chlorinecarbon internuclear distance decreases
from 4 A to theequilibrium distance£1.8 A). The lack of a
transition state indicates that the chlorine addition reacttons
and 6 are barrierless processes. Given that both addition

suggesting that these MP2 barriers might be unreliable. Full
annihilation of spin contaminants at the MP2/64+33(d,p)
geometries [§?[] = 0.77) predict much lower barriergye
HEMP? a2 +4 kImol~1 (We note that the PMP2 reaction path

reactions have negligible energy barriers and that the metathesisilso exhibits minima at IS7p and TS7n.) The QCISD/6-&k
reactions have energy barriers, we expect chlorine addition to(d,p) calculations also find TS7c, IS7p, IS7n, and TS7e but

dominate the reactivity at low temperatures. The incipient
products of Cl+ propargyl are ensembles of 2,3-dichloro-1-
propen-1-yl and 1,3-dichloro-1-propen-2-yl radicals.
Following the formation of the chemically activategHz-
Cl, ensemble through chlorine addition, exothermic HCI
elimination could conceivably proceed through 3-, 4-, and
5-center transition state structures. However, preliminary ex-
plorations for these transition structures from the 2,3-dichloro-
1-propen-1-yl, 1,3-dichloro-1-propen-2-yl, 1,2-dichloroallyl, and
1,3-dichloroallyl radicals were unsuccessful. Exhaustive ab initio
searches for these metathesis channels were not pursued.
Isomerization Reaction of the 2,3-Dichloro-1-propen-1-
yl Radical. At 0 K, each incipient 2,3-dichloro-1-propen-1-yl
radical forms withE, =~ 78 k}mol~! of internal vibrational
energy. Calculations indicate that this internal energy is suf-
ficient to promote isomerization reacti@nwhich converts 2,3-
dichloro-1-propen-1-yl radicals into the 1,3-dichloro-1-propen-
2-yl radicals. Figure 3a diagrams the energy profile of the 2,3-
Cl atom transfer (reactior?) by plotting ApaiH™¢, the

predict that these structures are nearly thermoneutral relative
to ClI + propargyl chloride. In contrast, the B3LYP/6-8G-

(d,p) calculations found only TS7c, rather than four stationary
points along the reaction path. At this level TS7c is a low energy
barrier, AeHg """ ~ —31 kJmol%, which we judge as
unreliable due to the known propensity of density functional
methods for underestimating energy barriers.

To estimate more reliable energy barriers, we reoptimized
the stationary structures, TS7c, IS7p, IS7n, TS7e, and both stable
radicals, at the QCISD/6-31G(d,p) level and computed the
energy of each structure at the QCISD(T)/6-30Q(d,p) level
(Table 2S). To plot estimated energy profiles at this higher level,
we computed\,,HRMQCISP gt each stationary point and then
scaled and interpolated the MP2 IRC path so that it intersects
theseApaHAM/QCISD The energy profiles of Figure 3 labeled
QCISD(T) show that the complete reaction path lies at lower
energy than CH propargyl chloride. When zero point energy
corrections are included in the calculation of TS7c and TS7e,
the calculations givegHeRQM/QCISD = —6 kFmol~1 (Table 2).
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Figure 4. Reaction energy diagrant @K of thechlorine atom transfer Tsior [T wers
(reaction8) and hydrogen atom transfer (reacti®h channels that ‘-'3 ook T
isomerize 2,3-dichloro-1-propen-1-yl radical into 1,2-dichloroallyl E
radical. Reaction enthalpies are referenced to the separated Cl atom 3 P2
and propargyl chloride at 0 K. The values listed in parentheses are the 3" 150 QcIsD(T)
ab initio AHZ™"%'SP (in kJ:mol~Y) of the transition state structures, i NP
which include unscaled zero point energy contributions. E Rt sat
< 200 L g
. . o _ 30 60 30 O .#.q
Thus, we predict that isomerization reactiahesnd—7 proceed @, deg. LA
are active the chemically activatedHzCl complex. °'°”°'
Reactions8 and 9 isomerize 2,3-dichloro-1-propen-1-yl sucle =

radical into 1,2-dichloroallyl radical through 1,3-transfers of a Figure 5. Energy profile governing chlorine atom transfer between
chlorine or hydrogen atom, respectively. Figure 4 diagrams the 1:3-dichloro-1-propen-2-y| radical and 1,3-dichloroallyl radical (reaction
predicted transition state structures and reaction enthalpies. AlO) predicted by ab initio calculations. Energies are referenced to the

. e separated Cl| atom and propargyl chloride energies at the corresponding
B3LYP/6-31+G(d,p) calculation found TS8, the transition state  ¢omputational theory level and do not include zero point energy

structure for chlorine transfer. To estimate the reaction energy, contributions. (a}AparH"®"*' as a function of1(CI*—C3—C?). The trace

we computed the necessary electronic energies at the QCISD1abeled QCISD(T) is an estimate derived by interpolating the MP2 trace
(T)/6-311+G(d,p)//B3LYP/6-3%G(d,p) level and zero point SO that it intersects thapaHM/¢'SP computed for each diagrammed
energies at the B3LYP/6-31G(d,p) level. The results indicate ~ Structure. b) Energy profile ohpayH"*"* as a function of the internal

that Are|H0Q(T)”BSLYP(T58) = 113 kJmol-%, indicating that the rotation of the CH group plane relative to the plane of the heavy atoms

N . . * S of the GH3Cl;, radical. This links TS10r with the 1,2-dichloroallyl
intrinsic barrier for this process lies above the initial reactants. (agjcal.

We note that the geometry optimizations of TS8 at the MP2

and QCISD levels did not converge. Because these MP2 andcenter carbon atoms (reactitf). Figure 5a diagrams the energy
QCISD structure calculations attempted to converge to a profile of the 3,2-Cl atom transfer by plotting,arH-"¢,, the
geometry similar to the B3LYP structure and since additional electronic energy relative to CF propargyl Chloride’ as a
calculations seemed unlikely to make the relative energy of TS8 fynction of [Cl4—C3—C2 angle. Figure 5b plotapasHL"®' as
exothermic relative to CH propargyl chloride, we did not 5 function of about®, which is defined as the angle of the
pursue the MP2 and QCISD geometry optimizations further. c3y, plane relative to the heavy atom plane (i®= 90° +
Although the reasons for the odd behavior of MP2 and QCISD (OCL—C2—C3—H7 4 OC!—C2—C3—H?8)/2). The profile labeled
in the Optimization of TS8 are not well Understood, itis pOSSible MP2 was constructed using internal reaction coordinate (|RC)
that spurious couplings in the updated Hessian during the cgjculation dat#3° at the MP2/6-33-G(d,p) level that traced
optimizations at these two levels may have led the optimizer to the reaction paths from the transition states, TS10v and TS10a.
move around the basin of attraction located at TS8 without The PMP2 trace plots the energies of the MP2/6-G1d,p)
converging. This problem could arise if the region of the stryctures along the IRC path after annihilation of spin-
potential energy surface surrounding TS8 is significantly flat. contamination. The trace labeled B3LYP is the reaction path
One way of confirming this proposal is to carry full geometry extending from TS10a obtained from an IRC calculation at the
optimizations of TS8 with smaller step sizes, tighter convergence B3LYP/6-31+G(d,p) level. To construct the path labeled
criteria, and using Hessian matrixes computed analytically at QcISD(T), we re-optimized the stationary structure geometries
every point on the optimization. However, this process could of TS10r, TS10a, IS10b, TS10v, and both stable radicals at the
become prohibitively expensive (especially at the QCISD level). QCISD/6-31-G(d,p) level and computed single point QCISD-
The geometry of TS9 was obtained with a QCISD/6+&k (T)/6-311+G(d,p) energies for these geometries. We then scaled
(d,p) calculation (Table 2S). Formation of TS9 is also very and interpolated the B3LYP profile so that it intersects the
endothermic AgHIM/?SYTS9) = 95 k3mol 1, relative o AparHRM/QCISDcomputed for each stationary structure. We note
Cl + propargyl chloride. Because TS8 and TS9 reside at high thatApaH-¢¥® does not contain zero point energy contributions.
energy relative to the reactants, we do not expect reac8ons From the 1,3-dichloro-1-propen-2-yl radical the reaction path
and9 to contribute to the overall reaction mechanism at 298 follows coordinate(CI*—C3—C?), passing through transition
K. states TS10v and TS10a (Figure 5a), and intersects a third
Isomerization and Dissociation Reactions of the 1,3- transition state, labeled TS10r, where the reaction path changes
Dichloro-1-propen-2-yl Radical. Ab initio calculations predict over to follow coordinateb (Figure 5b). TS10v[Cl*—C3—
that chemically activated 1,3-dichloro-1-propen-2-yl radicals C? = 95.9) resembles the 1,3-dichloro-1-propen-2-yl radical
contain sufficient energy to isomerize into 1,2-dichloroallyl (OCI*—C3—C2 = 64.7) except that the €CI bond is length-
radicals by transferring a chlorine atom between the end andened tor(C3—Cl4) = 2.432 A. The reaction path extending from
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TS10v terminates at the 1,3-dichloro-1-propen-2-yl radical and
at 1S10b. TS10a[Cl*—C3—C? = 35.9) resembles the 1,2-
dichloroallyl radical JCI*—C3—-C2 = 34.9) but features a
lengthened €CI bond ¢(C3—Cl4) = 2.855 A) and the CHl
group plane is rotated 9Celative to the heavy atom plane.

The reaction path from TS10a terminates at TS10r and I1S10b.

IS10b (JCI*—C3—C? = 74.5) contains a chlorine atom bridging
across carbons@nd C with nearly equal bonds afC'—Cl4)

~ 2.9 A. TS10r closely resembles the 1,2-dichloroallyl radical
except that the Cklgroup plane is rotated 9Gelative to the
heavy-atom plane. From TS10r, rotation of th#dggroup from

® = 90° to ® = 0° provides—62 kJ mof? of stabilization
energy and transforms theld@;Cl, complex into the planar 1,2-
dichloroallyl radical (Figure 5b). In summary, the IRC calcula-
tions at the MP2 and B3LYP levels show that a continuous
path links the 1,3-dichloro-1-propen-2-yl and 1,2-dichloroallyl
radicals through reactioh0. The lengthened €Cl bond length
and absence of resonance stabilization accounts for the relativel
high energies of the TS10v, 1S10b, and TS10a stationar
structures (Table 2S).

IS10b and TS10v probably do not exist in the true path of
reaction 10, leaving TS10a as the governing barrier. This
conclusion is supported by the difficulties encountered while
characterizing 1S10b and TS10v at the MP2/6+&(d,p) and
QCISD/6-31(d,p) levels. Although the IRC calculations at the
MP2/6-3H-G(d,p) level initiated at the TS10a and TS10v
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Figure 6. Reaction energy diagrant @ K showing channels that may
deplete 1,3-dichloro-1-propen-2-yl radical through hydrogen transfer
(reaction 11) or dissociation (reactiori2). Reaction enthalpies are
referenced to the separated Cl atom and propargy! chloride at 0 K.

YThe values listed in parentheses are the ab iniigHS™/2C'P (in
y kJmol™) of the transition state structures, including unscaled zero point

energy contributions.

ArgHIMRCSP (TS11) = 119 kImol 2, indicating that the
formation of TS11 from CIl+ propargyl chloride is an
endothermic process. Therefore, reactidrdoes not contribute
to the overall reaction mechanism at ambient temperature.
To investigate chlorinecarbon bond scission in the chloro-

geometries terminated_at similar 1S10b ggo_metries, these methyl group of 1,3-dichloro-1-propen-2-yl radical (reactid,
structures were not identical. Attempts to reoptimize these 1S10b g series of fully optimized structures were computed at the MP2
structures failed to converge. However, we note that at the and B3LYP levels as the(C3—Cl4) distance increased from

QCISD(T)/6-311#G(d,p) level the relative energy near 1S10b
becomes greater than at TS10v, i&parHMQCISD (1S10b)

= —13 kImol, ApaHAM/QCISD (TS10v)= —14 kImol™,

and AparHOMQCISD (TS10a)= —9 kImol~1). This suggests
that calculations that capture all correlation energy will not find
a first-order saddle point at TS10v. We conclude that reaction

the equilibrium distance’(C3—CI*) ~ 1.8 C). Because the total
energy increased continuously as the chlorioarbon inter-
nuclear distance was increased, we conclude that reatfion
has no transition structure and the chlorine atom elimination is
a barrierless process. Since reactidhis slightly exothermic,
chloroallene is expected to appear among the stable end-products

10is governed only by TS10a. When zero point energies are of Cl + propargyl chloride.

included, the highest level calculations prediggHZ™"?!SP

(TS10a)= —7 kFmol~L Thus, we predict that isomerization
reaction 10 is active in the chemically activated 385ClI
complex.

Figure 5b plotsAprHe¥e as a function of®, where® is
the angle of the Chiplane relative to the plane containing the
carbon atoms® = 90° — (0(H®—C3—-C2—C%) + O(H"—C3—
C2—ChH)/2). The plot shows that-62 kImol~! resonance
stabilization realized as TS10rP( = 90°) becomes 1,2-
dichloroallyl radical (b = 0°). At the QCISD/6-3%#G(d,p) level
and B3LYP/6-3%G(d,p) levels rotation of the CHgroup into
the heavy atom plane (i.ek — 0°) is a barrierless process. In
contrast, the MP2/6-31G(d,p) calculations predia 3 kimole™*
C®H,, rotational barrier af ~ 66° (labeled “MP2 TS” in Figure
5b). Spin contamination appears to account for this transition
state in the MP2/6-3tG(d,p) energy profile. The fully opti-
mized structures used to construct thgH"P2 profile in Figure
5b manifest unprojected spin eigenvalues®fg ~ 0.86. When
spin contaminants are eliminated from the wave function using
the PMP2 spin projection method of the GAUSSIAN program,
the corresponding\paiH”MP? profile steadily decreases with
decreasingP and exhibits no energy maximum.

Figure 6 diagrams the energy relationships of structures
involved with the remaining reaction channels available to 1,3-
dichoro-1-propen-2-yl radical. The 1,3-dichloro-1-propen-2-yl
radical may isomerize through TS11 forming 1,3-dichloroallyl
radical by transferring a hydrogen atom from the chloromethyl
group to the center carbon. The ab initio results find

Discussion

By using high level ab initio calculations, this study has
computed nine transition state structures and four intermediate
structures involving eleven elementary reactions of thet-Cl
propargyl chloride reaction. Despite the differences in the
energetics obtained by the different methods used in this study
(MP2, PMP2, B3LYP, QCISD, and QCISD(T)), each level
predicts essentially the same reaction mechanism for chlorine
atom with propargyl chloride. These results provide significant
confidence in the proposed mechanisms.

Ab Initio Results. The collective results highlight the
important influences of spin contamination and correlation upon
predicted energy barriers. For most barriers (e.g., TS3, TS4,
TS7c, TS7e, TS9, TS10a, TS10v) spin annihilations in the MP2
wave functions reduce the barrier energies~0 ktmol~!
(Table 2). Because the MP2 method implemented in most of
the available ab initio programs finds optimized molecular
structures by using energy gradients based on spin-unprojected
wave functions, such calculations are susceptible to spin
contamination, inducing artifacts like the “MP2 barrier” found
in the isomerization path of reactiohO (Figure 5b). The
importance of correlation is seen by noting that the discord of
~30 kImol~! among the QCISD, MP2, and B3LYP energy
barriers is eliminated by evaluating each structure with a single
point QCISD(T)/6-311(d,p) calculation. This observation sup-
ports the concept that reliable reaction barriers are estimated
efficiently by using a lower level calculation to obtain the
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geometry and a high-level QCISD(T)&11(d,p) calculation in error. Evidence that the 242 nm absorption is not carried by
to capture most correlation energy. In summary, the QCISD- the GH3 radical was found by experiments that photolyzed
(T)/6-311+G(d,p)//QCISD/6-3%+G(d,p) method appears to unhalogenated precursors ofHG radicals (allene and propyne)
minimize the errors contributing to transition state energy with 193 nm light and detected no absorption between 230 and
barriers, lending confidence in the verity of the predicted 270 nm?®In separate experiments, we photolyzeg \@ith 355
mechanism for the Ct propargyl chloride reaction. nm light (to which propargyl chloride is photolytically inert)
The issue regarding spin contamination in the QCISD(T) and demonstrated that the 242 nm absorption arises from a
wave function warrants comment. In general, QCISD(T) wave chlorinated product of CH- propargyl chloridé. Thus, the
functions based on unrestricted Hartrdeck wave functionsl Welght of the Spectl’al and kinetic data, the ab initio transition
UHF, are not eigenfunctions of the2Ospin operator and  State relative energies, and the computed thermodynamic data
consequently do not preserve spin symmetry. This immediately (Table 1 and ref 8) establish that reactiéis inactive at 298
leads to the conclusion that QCISD(T) is not exempt of K. By assigning the spectral carrier as the 1,2-dichloroallyl
contamination from other spin states. However, for doublets, radical, we can remove the conflict between the present
such as the ones treated in this work, this situation is not critical, calculations and the prior interpretations of Fahr, etal. The 1,2-
given that QCISD(T) should in principle annihilate the principal dichloroallyl radical is predicted to exhibit a strong transient
spin contaminant in the same fashion that Coupled-Cluster in @0sorption spectrum between 230 and 270 nm originating from

the space of single, double and triple (treated perturbatively) C(3p) — X?A; transitions® It should be noted that our present
electronic excitations, CCSD(F4. assignment does not preclude the existence of weak &

1072° cm?-molecule’?) underlying absorption from the ;83
radical; however, in the presence of small amounts of 1,2-
dichloroallyl radical {242 = (4.20 &£ 1.05) x 10717 cn?
molecule’1),® such optical absorption will be obscured unless
the absorption by the 4El3 radical produces a unique signal

rate coefficients, computed with transition state theory from the accessible to an alternate detection method, e.g., photoionization,

present ab initio results (Table 3), predict the rakigkiota ~ photelegtron, or pho_tofragment spectroscopies. )

0.002, for the HCI metathesis vs total bimolecular reactivity at ~Reaction Mechanism of Cl+ Propargyl Chloride. The

298 K, wherekom = ks + ks + ks + ks. Although the ratio of absence of significant metathesis contributions at 298 K enables
HCI metathesis and addition reactivity remains unmeasured for réactionss andé to dominate the initial C#- propargy! chloride

Cl + propargy! chloride, we may estimate a ratio at 298 K by reaction. Because chlorine atom addition pro.duc.es chemically
examining the available kinetic data for €lpropyne and then ~ activated GHsCl, ensembles with energy distributions that are
adjusting for the effects of chlorine substitution. By reacting Not described by temperatures, thermal rate equations are
thermal3®Cl atoms with propyne and performing GC analyses inappropriate for predicting the product distributions. We have
of the radioactive products, Lee and Rowland found that chlorine Used the master equation solver in the CHEMRATE pro§ram
atom addition accounted for95% of total reactivity between 0 estimate time-dependent product distributions among the
(47 900 to 53 2000) Pa ((360 to 4000) To#)Prior measure- ~ CsHsClz isomers in the energy transfer region on the basis of

Metathesis Reactions of Cl+ Propargyl Chloride. The
energy barriers derived from the ab initio results suggest that
at 298 K the initial elementary channels of &l propargyl
chloride have importance in the order of (reacttor reaction
6) > reaction3 > reaction4 ~ reaction2. The high-pressure

ments of chlorine atom reactions with substituted etriérsesxl ~ RRKM theory for unimolecular reactions. Supplementary Table
propened have found that the substitution of one chlorine in 3S lists the program input comprising standard enthilﬁ)lilssgable
the methyl group diminishes the metathesis reactivitgath 1), intrinsic barriers obtained by assumiigr: AeHg ™"

chloromethyl hydrogen by a factor of 6 and 10, respectively. at0 K (Table 2), rotational moments of inertia that are estimated
Assuming similar scaling for propynes, the fractional reactivity from the optimized QCISD/6-3tG(d,p) geometries (Table 2S),
available to HCI metathesis (reacti@) for Cl + propargyl and vibrational frequencies that are estimated with MP2/6-
chloride iska/kioras < 0.01 at 298 K in the high-pressure limit. 31+G(d,p) calculations and reduced with a 0.937 scaling factor.
Thus, estimates based on ab initio and experimental data indicatelhe present calculations presume that energy transfer collisions
that chlorine atom addition (reactions 5 and 6) dominates the between argon and;83Cl; radicals conform to the exponential-
reactivity of Cl+ propargyl chloride at 298 K. down model withoe = 500 cn11.43 This value ofa. is commonly

The present ab initio results give high-pressure rate coef- 2dopted to model shock tube experimefitshe time dependent
ficients predicting the raticks/kiow ~ 10724, for Cl, metathesis solutions of the re_laxatlon_ matrix were computed using the
vs total reactivity at 298 K, i.e., the Cinetathesis channel s Householder algorithm option.
inactive. This prediction conflicts with previous interpretations Initial calculations incorporating all elementary reactions of
of experiments by Fahr, et #&lwho proposed a dominant role ~ chemically activated §43Cl; isomers confirmed emphatically
for reaction4. Their experiments photolyzed propargyl chloride that reactions8, 9, and 11 are effectively inactive for all
with 193 nm light and recorded the transient absorption betweenconditions between 298 and 1000 K and 628 000 Pa.
230 and 270 nm. Following the photolysis event, the transient Because inclusion of these inactive channels greatly slowed the
absorption profile exhibited a “prompt” absorption at 242 nm, calculations, the results reported herein incorporate only reac-
attributed to the photolytic propargyl radical 463) product tions 5, 6, 7, 10, and 12, which are exothermic and have
from reaction 1, and a more slowly increasing transient transition state structures at lower energy than the initial
absorption, attributed to bimoleculagids product from reaction ~ reactants (Table 2). This reduced reaction set is depicted in
4. Because the total absorbance grew to nearly twice the Figure 7.
magnitude of the “prompt” absorption, assignment of the 242  Table 4 lists the fractional product yieldg?, from C;HsCl,
nm absorption band to thes;B; radical would imply that the ensembles prepared by reactiorf%,and reaction &, at 298
endothermic reactio® accounts for~ 100% of the Cl+ and 1000 K for selected pressures of argon, chosen on the basis
propargyl chloride reactivity. The discord between the inter- of available experimental dé&and representative conditions.
pretions of the ab initio results and of the photolysis experiments Eachfi™ is the temporally integrated fractional yield of colli-
suggests that the assignment of the 242 nm absorption band isionally stabilized producti® produced by a chemically
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TABLE 4: Master Equation Predictions of fi™, the Fractional Product Yields for the C3H3Cl, Ensembles Prepared by Reaction
5 and 6, [p[) Integrated Fractional Yields, and [Ci[] the Conversion Yield Per Initial Free Chlorine Atom

fractional yield

1,2- 1,3-dichloro- 2,3-dichloro-
conditions and dichloroallyl 1-propen-2-yl 1-propen-1-yl Cl + propargyl HCI + C3H.CI
initial reactions Chloroallene radical radical radical chloride radical
298 K, 625 Pa
fi: 0.057 0.015 0.000 0.002 0.926
fie: 0.678 0.101 0.000 0.000 0.221
il 0.858 0.135 0.000 0.002 0.005
[T molecule(initial CI)~* 6.05 0.95 0.00 0.02 0.03
298 K, 1010 Pa
fis: 0.045 0.020 0.000 0.002 0.932
fi6: 0.600 0.218 0.001 0.000 0.180
pid 0.725 0.267 0.002 0.002 0.004
(0.75% (0.24y> (<0.01pc
[CiC) molecule(initial Cl)~* 2.63 0.97 0.01 0.01 0.02
298 K, 10000 Pa
fi®: 0.043 0.018 0.000 0.002 0.937
fié: 0.585 0.245 0.002 0.000 0.168
il 0.70 0.29 0.00 0.00 0.00
[T molecule(initial CI)~* 2.32 0.97 0.01 0.01 0.01
1000 K, 1010 Pa
fis 0.059 0.000 0.000 0.000 0.941
fie: 0.877 0.000 0.000 0.000 0.123
pid 0.97 0.00 0.00 0.00 0.03
[CiC) molecule(initial Cl)~* 30.89 0.00 0.00 0.00 1.00

a Product distribution measured by static bulb experiments reported

in ref 8. Seklitg@xDichloro-1-propene obtained from hydrogenation of

1,2-dichloroallyl radical. See text and Figure®?.,3-Dichloro-1-propene obtained from hydrogenation of 1,3-dichloro-1-propen-2-yl radical. See

text and Figure 7.

activated GH3Cl, ensemble prepared with reaction at a

specified temperature and pressure. The fractional product yields

m __ m

of reactionm are normalized byy; " + f o, = 1, wheref 3,

is the fraction returned to the initial reactants,€lpropargyl
chloride. Table 4 also lists the integrated fractional yield,
corresponding to the distribution of chlorinated products present
in a bulb photolysis experiment after the initial concentration
of chlorine atoms is depleted. In the absence of recombination
and secondary reactions, the integrated fractional yipid,for

each product is
S Pt
m

1- S Pf
m

where Py, = Kn/kiotat (M = 3, 5, 6). For the HCI metathesis
reaction3 we setf o, = 1 andf >, = 0 and reactior# is not
considered. The conversion yield per initial free chlorine atom,
[C;[J is computed for each set of conditions by dividing each
b by the sum ofpCover the chlorine sequestering products,
i.e., the sum of alljyCJexcept for chloroallene.

The chemically activated 4E15Cl, ensembles prepared by
reactions5 and 6 have distinct patterns of fractional product
yields (Table 4). The 1,3-dichloro-1-propen-2-yl radical en-
sembles prepared by reactiénproduce substantial fractions
of chloroallene and 1,2-dichloroallyl radical. The 2,3-dichloro-
1-propen-1-yl radical ensembles produced by readiorainly

pl= (14)
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Figure 7. Kinetic reaction mechanism for C+ propargyl chloride
reaction comprised of the elementary processes that the ab initio
calculations predict are exothermic relative tofCpropargyl chloride.
Shading reconciles each end-product observed with gas-chromatography
with a reaction product channel. See text.

TS7 barrier largely isolates the chemically activated 2,3-
dichloro-1-propen-1-yl ensemble from reactidki®and12.
Validation of the reaction mechanism, derived from the ab
initio results, is found in Table 4, by noting the accord of the
predicted and measured thg(at 298 K and 1010 Pa. Figure
7 outlines these experiments, where a static bulb containing a
1% propargy! chloride/99% helium molar mixture was exposed
to 193 nm light, producing an ensemble of chlorine atoms that

undergo reverse reaction. The differences among the fractionalreacted with propargy! chloride. The stable reaction end-products
product yields are symptomatic of the absence of steady-statewere analyzed with gas chromatography and mass spectrometry

kinetics during decomposition. In particular, the differing
fractional product yields arise because reactigns? establish
equilibrium between the incipient dichloro-vinyl isomers very
slowly relative to the time scales of reaction$§, —6, 10, —10,
and12. (Discussions of the time evolution of non-steady-state
systems are given in refs 11,12) In particular, the relatively high

(GC-MS)8 Arrows indicate the active pathways of chlorine atom
flux from initial reactants to products, including regeneration
of chlorine atoms from gH3Cl, ensembles through reactions
—5, —6, and 12. Figure 7 also shows bimolecular hydrogen
abstraction steps that convert free radicals into the stable
dichloro-1-propene isomers detected during GS-MS analyses.
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(The figure does not depict secondary processes, such agroduction may provide a clock for measuring relative rates

collisional product stabilization in the bath and HCI metathesis across channels. In practical systems, such as incinerators, this

reaction3.) The parent radical of each stable end-product is process may play a catalytic route that isomerizes propargyl

denoted with gray scale shading and the inset table lists thechloride into chloroallene.

product abundances. According to diagram, the 2,3-dichloro-
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